Repetitive-sequence-based PCR (rep-PCR
Genotypic analysis of M. tuberculosis isolates has been used to confirm tuberculosis outbreaks, to investigate tuberculosis transmission and reactivation in communities, to confirm cross-contamination in the laboratory, and to study clonal expansion of strains (3, 5, 12, 13, 15, 18, 23) . Genotypic analysis of atypical mycobacteria, most notably the M. avium complex (MAC), has been similarly useful for investigating routes of acquisition from environmental sources, confirming contamination of laboratory cultures, and studying clonal expansion (2, 11, 29) .
DNA fingerprinting of most M. tuberculosis isolate populations can be accomplished by a combination of PCR-based methods, usually spoligotyping and mycobacterial interspersed repetitive unit-variable-number tandem repeat (MIRU-VNTR) typing. PCR-based methods require relatively small cell mass to generate results, a considerable advantage given the low growth rates of pathogenic mycobacteria. Spoligotyping uses a dot blot apparatus to detect variability within the direct repeat locus (12, 14) , while MIRU-VNTR assesses repeating units at multiple loci in the M. tuberculosis genome based on product size after PCR amplification (8) . The discriminative power of MIRU-VNTR approaches that of IS6110-targeted restriction fragment length polymorphism (IS6110-RFLP), a more-laborintensive high-resolution approach (3, 16, 21) . MIRU-VNTR may eventually replace IS6110-RFLP for routine high-resolution typing; however, for the time being the latter remains the "gold standard" for evaluating new strain typing methods for M. tuberculosis.
There are no consensus PCR-based methods for typing Mycobacterium species other than M. tuberculosis. RFLP is widely used for M. avium subspecies avium strains, most of which carry the insertion element IS1245. A consensus protocol for IS1245-RFLP (24) has good resolving power when the element is present in moderate copy number (5 to 30 copies), however like IS6110-RFLP it requires large cell mass and is labor intensive. Pulsed-field gel electrophoresis (2, 29) also requires a large cell mass, and few laboratories have the required equipment. Not surprisingly given the limited molecular epidemiological tools available for MAC and other environmental mycobacteria, our understanding of the routes of acquisition of these opportunistic pathogens remains limited. Similarly, it remains difficult to use strain typing to investigate contamination of clinical laboratory cultures with environmental mycobacteria.
For laboratories interested in typing multiple Mycobacterium species, a unified approach that is simple to use, PCR based, and capable of high throughput, would clearly be desirable.
Recently, a commercially available repetitive-sequence-based PCR (rep-PCR) system was adapted for use on mycobacteria. Rep-PCR was initially developed for DNA fingerprinting of nosocomial pathogens such as Staphylococcus aureus (10) , Streptococcus pneumoniae (26) , and enteric gram-negative rods (25, 27) . The method takes advantage of repetitive elements interspersed throughout bacterial genomes. When amplified by PCR, these elements generate highly discriminative genomic fingerprints (6, 9, 20, 27, 28) . The DiversiLab System, a commercial rep-PCR system marketed for use on a number of bacterial and fungal species (Bacterial Barcodes, Houston, Tex.), is claimed to require 5 h for the entire process of DNA extraction, PCR, electrophoretic separation, detection of fluorescently labeled amplicons on automated microfluidic chips, and computer-generated printout of results (Bacterial Barcodes). Prior to the commercial release of the DiversiLab Mycobacterium strain typing kit at the end of 2003, we evaluated the performance of a beta version of the kit on a panel of 94 M. tuberculosis and MAC isolates.
MATERIALS AND METHODS
Study design for M. tuberculosis typing. The analysis was conducted on 56 isolates of M. tuberculosis each derived from a separate patient in Seattle, Washington, from 1998 to 2003. This group included a population-based sample of 45 M. tuberculosis isolates derived from recent immigrants from the African Horn countries of Eritrea, Ethiopia, and Somalia. In order to protect donor privacy, isolates were submitted by Seattle area clinical laboratories without patient identifiers, according to human subjects protection protocols approved by the Seattle Biomedical Research Institute and University of Washington Institutional Review Boards. The study also included 11 epidemiologically linked clinical isolates archived from a recent tuberculosis outbreak among U.S.-born and foreign-born homeless people in Seattle (18) . These 11 isolates were known to share common spoligotypes and IS6110-RFLP banding patterns. They were used to generate a cutoff value that defines identical isolates analyzed by rep-PCR.
The 45 African Horn immigrant strains were spoligotyped following internationally standardized protocols (14) . Strains with orphan spoligotypes (n ϭ 20) were assumed to be unrelated to each other and were not analyzed further. Strains which initially appeared to have nonunique spoligotypes (n ϭ 25) (Table  1) were analyzed by IS6110-RFLP following the standardized protocol (22) . Subsequent confirmatory analysis determined that the last three strains in Table  1 were in fact members of separate orphan spoligotypes.
DNA samples from the 25 African Horn strains in Table 1 and the 11 outbreak strains (total n ϭ 36) were assigned random code numbers and mailed to Bacterial Barcodes for blinded analysis on the beta version DiversiLab Mycobacterium kit. Results were returned in the form of a rep-PCR dendrogram. Linkages inferred from the experimental combination of spoligotyping and rep-PCR were compared to linkages determined by the "gold standard" combination of spoligotyping and IS6110-RFLP. A limitation of this strategy is that numerical percent similarity values were automatically applied to rep-PCR, whereas RFLP clusters were identified by visual analysis of results. This was necessary because the numerical output of RFLP gel analysis software remains problematic.
Study design for MAC typing. Rep-PCR analysis was conducted on 38 archived MAC isolates originating from anonymous patients or environmental sources in Washington, California, Arkansas, and Massachusetts (Table 2) . Isolates were mycobactin independent and were determined to be M. avium subspecies avium, M. intracellulare, or intermediate forms (MAC X ) by small-subunit ribosomal DNA PCR as described previously (7, 19) . The sample set submitted for rep-PCR analysis included 28 M. avium subspecies avium isolates, 3 of which were submitted in duplicate without informing the testers, for a total of 31 M. avium subspecies avium isolates tested by rep-PCR. The duplicate strains were included to test the reproducibility of the method. Eight M. intracellulare and two MAC x isolates were also tested.
Among the 28 M. avium subspecies avium isolates were 6 anonymous isolates that had previously been submitted to us by clinicians at a Seattle hospital. Because these isolates came from patients without known risk factors for MAC infection, it had been suspected that they were laboratory contaminants. IS1245-RFLP typing and an independent method, IS999 typing (17) , confirmed that they were nearly identical to each other. This set of isolates was used to define the cutoff level of relatedness that defines a cluster by rep-PCR.
The gold standard for typing M. avium subspecies avium was IS1245-RFLP. A standardized protocol (24) was followed with one deviation: Restriction endonuclease SacII was used in place of PvuII. Side-by-side comparisons showed that SacII was less susceptible to inhibition by interfering substances that copurified with MAC DNA. This resulted in far more consistent results. Furthermore, the GC-rich SacII recognition sequence yielded IS1245-containing fragments that were smaller on average than PvuII fragments, allowing us to resolve high-copynumber patterns on standard gel electrophoresis apparatus. This change did not affect internal clustering within the study. In some cases, IS999-RFLP (17) was used as an independent test of linkage inferred by IS1245-RFLP. There are no standardized RFLP methods for typing M. intracellulare and MAC X strains; however, it was considered useful to test whether rep-PCR can generate fingerprints of these strains. Coded DNA samples were sent to the manufacturer for blinded analysis on the rep-PCR system. Results were returned and analyzed as with M. tuberculosis results.
Rep-PCR-based DNA fingerprinting on the DiversiLab System. Bacteria were grown on Middlebrook 7H10 slants with oleate-albumin-dextrose-catalase enrichment. For rep-PCR analysis, DNA was extracted from a 10-l loop of each Mycobacterium colony using the UltraClean Microbial DNA Isolation Kit (Mo Bio Laboratories, Solana Beach, Calif.). Sample DNA was standardized to approximately 25 ng/l by spectrophotometric analysis, and genomic integrity was visualized using agarose gel electrophoresis. Samples were assigned arbitrary code numbers and mailed to the manufacturer. Aliquots of 75 ng were amplified using the DiversiLab Mycobacterium typing kit (Bacterial Barcodes, Inc.) following the manufacturer's instructions. Thermal cycling parameters were as follows: initial denaturation at 95°C for 5 min; 35 cycles of denaturation at 95°C for 30 s, annealing at 66°C for 45 s, and extension at 72°C for 60 s; and a final extension at 72°C for 3 min. Detection and analysis of rep-PCR products were implemented using the DiversiLab System in which the amplified fragments of various sizes and fluorescent intensities were separated and detected using a microfluidics chip with the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, Calif.). Further analysis was performed with the Web-based DiversiLab software (version 2.1.66), which uses the Pearson correlation coefficient and unweighted b Three strains were initially thought to belong to a single shared spoligogroup, and were submitted for rep-PCR analysis. Subsequent confirmatory analysis showed that they were in fact orphan spoligogroups. pair group method with arithmetic means, to automatically compare the rep-PCR-based DNA fingerprints of unknown isolates. The report generated by the DiversiLab System contained a dendrogram and a scatter plot for sample comparison. Reports also included electropherograms, gel-like images, and selectable demographic fields.
RESULTS
Rep-PCR-based DNA fingerprinting of a known cluster of M. tuberculosis outbreak isolates. After blinded analysis of M. tuberculosis DNA samples, the DiversiLab System generated a dendrogram which was returned to us for comparison to IS6110-RFLP results. The 11 epidemiologically linked Seattle outbreak isolates were known to belong to spoligogroup 1. They shared an identical 15-band IS6110 banding pattern designated SBRI9, along with additional common genotypic markers that placed them in the N subfamily of the W-Beijing clade (18) . Ten of these isolates exhibited Ն98% similarity to each other by rep-PCR. The 11th outbreak isolate, strain 181, was 93% similar to the other 10 by rep-PCR (Fig. 1) . This isolate was indistinguishable from the other SBRI9 cluster isolates by standard IS6110-RFLP (Fig. 2) . However, in some RFLP experiments, strain 181 exhibited faint additional bands approximately 1.5 and 2.25 kb in size which were not visible in the other strains (not shown). Although the 11 SBRI9 isolates were correctly grouped with each other by rep-PCR analysis, strain 181 might have been considered unlinked to the others by rep-PCR were it not for the availability of independent genotypic and epidemiological information (18) . Based on the similarity observed among these 11 SBRI9 isolates, 93% similarity was chosen as the cutoff value for clustered M. tuberculosis isolates.
Rep-PCR-based DNA fingerprinting of isolates from recent African Horn immigrants to Seattle. Among the 45 African Horn isolates in the study, 20 had unique spoligotype patterns. The remaining 25 isolates were assigned code numbers and submitted for blinded rep-PCR analysis (subsequent confirmatory analysis revealed that 3 of these 25 strains were also members of orphan spoligotypes). The 25 African Horn isolates tested by rep-PCR fell into 11 different spoligogroups ( Table 1) . Three of these spoligogroups were shown by IS6110-RFLP to constitute clusters labeled A, B, and C (Table 1; Fig.  2 ). Rep-PCR correctly grouped together the five strains within cluster B (98% similarity by rep-PCR) and the two strains within cluster C (99% similarity by rep-PCR). However, rep- PCR also linked these two clusters to each other (97% similarity) despite their clear separation by spoligotype. It appears that rep-PCR must be interpreted in combination with an independent method such as spoligotyping. Four of the five strains in IS6110-RFLP cluster A were linked to each other by rep-PCR (94% similarity); however, the fifth strain, 148, was well isolated from the others (87% similarity). Cluster A was less homogeneous by IS6110-RFLP than clusters B, C, and SBRI9 (Fig. 2) . Nonetheless, there were no obvious genotypic or epidemiological distinctions between strain 148 and the other cluster A strains, so this result was scored as a false separation relative to the gold standard.
The three spoligogroup 149 isolates, strains 146, 160, and 252, had fewer than four IS6110 copies and therefore were not typeable by RFLP (not shown). These isolates are referred to as NT isolates in Fig. 1 . Rep-PCR linked two of these isolates (96% similarity). Although the validity of this linkage could not Table 1 , were added by the authors. NT, not typeable by IS6110-RFLP. Strains without RFLP cluster designations had unique IS6110-RFLP patterns.
be confirmed, the ability to generate complex banding patterns from low-IS6110-copy-number strains constitutes a potential benefit of rep-PCR.
The remaining 10 isolates in Fig. 1 exhibited unique IS6110-RFLP patterns (not shown) and were also separated from each other by the combination of spoligotyping and rep-PCR (strains 244, 146, and 160 were 93% similar to each other by rep-PCR, as were strains 229, 149, and 261; however, strains within both groups were separated from each other by spoligotyping). Overall, of the 11 outbreak isolates and 25 African Horn isolates typed by rep-PCR in Fig. 1 (n ϭ 36) , 23 segregated into four clusters identified by IS6110-RFLP, 10 exhibited unique RFLP patterns, and 3 were not typeable by RFLP. When interpreted in combination with spoligotyping, rep-PCR agreed with 32 of the 33 typeable RFLP results (97% concordance).
Heterogeneity of M. tuberculosis isolates from Eritrean, Ethiopian, and Somali immigrants to Seattle, 1998 to 2003. In recent years, immigrants from the African Horn countries of Eritrea, Ethiopia, and Somalia have become the single largest immigrant group in the Seattle, Wash., area with regard to tuberculosis cases (1) . Strains from these countries are underrepresented in studies of M. tuberculosis clonal expansion (12) . Therefore, we used this evaluation to characterize the genotypic properties of isolates derived from anonymous tuberculosis patients who had immigrated from this region. Forty-five isolates from subjects treated at the King County Tuberculosis Clinic during the period from 1998 to 2003 were collected and spoligotyped. None of the 36 major epidemic superfamilies of M. tuberculosis spoligotypes defined previously (12) were prevalent within this sample; only one of them (spoligotype 53, which belongs to the T clade) was represented by more than one isolate.
Of the 45 isolates in the sample, 42 were typeable by the combination of spoligotyping and IS6110-RFLP (3 strains were not typeable due to low IS6110 copy number). Thirty-one of the 42 typeable isolates (74%) were placed into orphan groups by these modalities. The rest were divided into three clusters of two to five strains. Such heterogeneity is consistent with a predominant pattern of reactivation of past infections from heterogeneous sources.
As noted in the previous section, rep-PCR separated one of the cluster A strains from its siblings, and grouped two of the strains that were not typeable by RFLP. Other groupings were identical by rep-PCR and RFLP. When rep-PCR was used in place of IS6110-RFLP as the high-resolution adjunct to spoligotyping, 32 of the 45 strains in the African Horn cohort (71%) fell into orphan genotypes. When the three low-IS6110 copy number strains were removed from the sample set, orphan strains accounted for 32 of 42 (76%) of the sample set by rep-PCR, nearly identical to the 74% figure obtained by using IS6110-RFLP. Thus, within this sample the discriminative power of rep-PCR was equivalent to that of IS6110-RFLP.
Rep-PCR-based DNA fingerprinting of a M. avium subspecies avium isolates. DNA samples from 28 M. avium subspecies avium strains were submitted for blinded rep-PCR typing ( Table 2) . Three of these samples were extracted and submitted in duplicate without informing the testers, bringing the total sample number to 31 (Fig. 3) . The sample set included six genotypically linked isolates that were suspected to be contaminants of clinical laboratory cultures (see Materials and Methods). These six isolates, which exhibited similar but not identical IS1245-RFLP patterns (Fig. 4, cluster C) , were used as a "standard cluster" to define a cutoff value of relatedness that we could expect to see among genotypically linked isolates. Rep-PCR correctly linked the cluster C isolates (Ն92% similarity; Fig. 3 ). All three pairs of duplicate samples were also internally linked by rep-PCR (Fig. 3) , the most divergent pair being the two strain 104 samples, which were 93% similar to each other.
IS1245-RFLP identified 3 additional clusters within this collection. Strains 101, 103, and 104 had highly similar IS1245-RFLP patterns (Fig. 4, cluster B) ; these strains came from separate adult AIDS patients at the same Los Angeles, Calif., hospital in the early 1980s. Strains 103 and 104 were 91% similar to each by rep-PCR, slightly below the cutoff value of 92% derived from cluster C. This was scored as a false separation relative to the gold standard. Strains HMC02, 107, and 108 were clustered by IS1245-RFLP (Fig. 4, cluster A) , and were also linked to each other by rep-PCR (Ն94% similarity). The linkage of the Seattle strain HMC02 with the Los Angeles strains 107 and 108 was unexpected but reproducible by an independent modality, IS999-RFLP (not shown).
Strains 102 and 110 had similar but not identical six-to seven-band IS1245-RFLP patterns (Fig. 4, cluster D) . In view of their low IS1245 copy numbers, the genotypic relationship of these two strains is subject to interpretation. However, they also exhibited identical four-band IS999-RFLP patterns (not shown), and their epidemiological linkage supports their genotypic relationship. Rep-PCR did not link these strains (78% similarity), so this was scored as a false separation relative to the gold standard. Strains 111 and 116 were also linked to each other by rep-PCR (92% similarity) but generated no signal in IS1245-RFLP (NT isolate). The ability of rep-PCR to generate Other isolates in Fig. 3 exhibited diverse IS1245-RFLP patterns in agreement with their diverse rep-PCR patterns (not shown). When the six standard cluster strains are included in the count, and the three redundant samples are excluded, the M. avium subspecies avium sample set totaled 28 isolates. Of these, 25 were clustered or isolated in identical ways by using rep-PCR or IS1245-RFLP (89% concordance). If the lowcopy-number strains in cluster D are excluded from the count, the concordance increases to 25 of 26 (96%).
Rep-PCR-based DNA fingerprinting of a M. intracellulare and MAC X isolates. Eight M. intracellulare isolates and two MAC X isolates were submitted for rep-PCR analysis. The rep-PCR system generated unique fingerprints of each strain ( was impossible to validate these results. However, the ability of rep-PCR to generate complex fingerprint of these species constitutes a potential advantage.
DISCUSSION
This study was designed to test the advantages of a new commercial rep-PCR system for typing M. tuberculosis and MAC strains. Foremost among the hypothetical strengths of rep-PCR is the ability to generate DNA fingerprints of any Mycobacterium species that is likely to be encountered in a clinical laboratory. With the exception of the technically demanding and nonportable pulsed-field gel electrophoresis method, other methods for mycobacteria are species specific. A second advantage of rep-PCR is its ability to generate fingerprints from small samples in real time, similar to spoligotyping and MIRU typing of M. tuberculosis. Its third advantage is its discriminative power, which we hypothesized would equal or exceed that of RFLP.
The DiversiLab System generated high-resolution DNA fingerprints from all isolates of M. tuberculosis, M. avium subspecies avium, M. intracellulare, and MAC X that were examined. The sample included isolates that were not typeable by RFLP due to low copy number of the target insertion elements. The system has also generated fingerprints of multiple isolates of Coded samples of ϳ4 g of DNA, each extracted from a loopful of cells, were delivered to the manufacturer for analysis on a prerelease rep-PCR system. Only 75 ng of each sample was actually used for each reaction. The protocol was identical to the manufacturer's other DiversiLab tests, which require 5 h from DNA extraction through dendrogram readout. In contrast to MIRU, which requires 4 to 12 separate PCRs per sample, rep-PCR requires only one PCR per sample. Thus, in terms of time to result, the DiversiLab System appears to match or surpass existing high-resolution PCR methods. It is far superior to existing RFLP and pulsed-field gel electrophoresis methods in this regard.
Within the M. tuberculosis and M. avium subspecies avium sample sets in this study, rep-PCR exhibited resolving power that equaled or exceeded that of RFLP. However, M. tuberculosis fingerprints generated by rep-PCR had to be interpreted in combination with spoligotype results, without which false linkages relative to RFLP appeared (e.g., strains 229 and 149 in FIG. 4 . IS1245-RFLP patterns of the four major multistrain clusters of M. avium subspecies avium isolates in Fig. 3 . The image was constructed from a single gel as in Fig. 2 , except for the two lanes marked with asterisks. DNA from these two strains was incompletely digested in the main gel image of cluster B. Therefore, an image from a second gel was added to better document the similarity between these two strains. 
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Rep-PCR TYPING OF MYCOBACTERIA 2691 column B near the top of Fig. 1 ). Moreover, one of the 11 SBRI9 strains of M. tuberculosis, strain 181, was separated from its siblings to a greater extent than expected from RFLP analysis. Examination of additional samples may reveal additional disagreements between rep-PCR and other methods. As with any strain typing method, rep-PCR should be interpreted in the context of independent modalities and epidemiological information. Because the present study encompassed four Mycobacterium species, the number of samples of each species was limited, and analysis of additional isolates is needed. As one test of discriminative power, we used rep-PCR combined with spoligotyping to quantify the diversity of M. tuberculosis strains isolated from a cohort of recent immigrants to Seattle from African Horn countries. Spoligotyping was used as a low-resolution "first cut" and rep-PCR was used as a high-resolution adjunct to differentiate strains with nonunique spoligotypes. Of the 45 strains in the cohort, 32 were placed into orphan genotypes by spoligotyping alone or by spoligotyping in combination with rep-PCR. The remaining 13 clones segregated into 4 rep-PCR clusters that corresponded with RFLP clusters A, B, C, and NT (Fig. 1) . This is nearly identical to the outcome obtained by using IS6110-RFLP as the highresolution adjunct, the only two differences being that Cluster A contained four strains by RFLP and three strains by rep-PCR, and that the two-strain NT cluster identified by rep-PCR was not typeable by RFLP. Differences between the two outcomes could be resolved by adding a third modality such as MIRU. A combination of spoligotyping, MIRU, and rep-PCR would be entirely PCR based, such that complete results could be obtained from a single loopful of cells.
For nontuberculous mycobacteria, rep-PCR appears superior to any other existing method in terms of speed and ease of use. The discriminative power of rep-PCR for resolving M. avium subspecies avium isolates slightly exceeded that of IS1245-RFLP. A limitation of our evaluation was that a numerical cutoff was automatically applied to rep-PCR, whereas RFLP clusters were identified by visual analysis of results. This strategy was deemed necessary because the reproducibility and numerical output of RFLP gel analysis software remains problematic. When gel images generated by rep-PCR and RFLP were both assessed visually, rep-PCR appeared to be at least as discriminative as RFLP results.
Rep-PCR has some hypothetical limitations. It is a commercial system available from a single source. The "portability" of rep-PCR results, that is, the ability to compare strain fingerprints generated by different laboratories, remains untested for Mycobacterium species. The manufacturer compiles and offers to its customers a centralized, Web-based library of rep-PCR fingerprints, which can be searched for matches with any strain of interest (9) . In view of the labor, expertise, and expense required for consistent generation and digitization of RFLP results, the DiversiLab System has the potential of being more portable than RFLP. However, by their nature rep-PCR results are likely to be less portable than those of MIRU and spoligotyping, which are easily expressed in numerical terms. The present study made no attempt to evaluate the cost of using the DiversiLab System, which requires an automated processor, relative to existing methods.
In summary, rep-PCR shows promise as a general tool for DNA fingerprinting of Mycobacterium isolates. Its most significant advantage is its broad applicability. It is also fast, PCR based, semiautomated, and highly discriminative. Further analysis may indicate that it can replace IS6110-RFLP as the highresolution final adjunct to existing PCR-based methods for typing M. tuberculosis. It will be especially useful to laboratories that also work with nontuberculous Mycobacterium species.
